INTRODUCTION
Relatively little is known regarding the role of soil compositions in influencing groundwater geochemistry in carbonate aquifers (e.g., Tooth & Fairchild, 2003; Musgrove & Bunner, 2004) , with emphasis on Italian settings. Nothing is known regarding the influence of pyroclastic soils within the carbonate Apennines in central-southern Italy, despite their wide distribution. Yet, the influence of soils may be of particular relevance in such carbonate environments due to rapid water infiltration and flow through the carbonate rocks, and the diffuse interaction between infiltration water and pyroclastic
The role of soil compositions in influencing groundwater geochemistry in carbonate aquifers is still little known. Nothing is known regarding the influence of pyroclastic soils (andisol) within the carbonate Apennines in central-southern Italy, despite their wide distribution. In this study we analyze some physical and chemical properties of pyroclastic soil at the Acqua dei Faggi experimental site (southern Italy), to assess its influence on groundwater geochemistry. Chemical analyses were carried out on saturated paste extracts and a physical analogue model was developed through two column experiments. Physico-chemical properties of rainwater and spring water, and some microbiological features of the soil medium were also taken into consideration.
The studied soil has a great influence in modifying rainwater chemistry during percolation. About the 50% of HCO 3 -and Ca 2+ in spring water is due to interaction between percolation water and soil medium, and equilibrium with calcite is reached at this stage. The Na + /K + ratio is buffered by clay minerals in the soil by primary silicates in the pyroclastic cover. Cl -and SO 4 2-concentrations in spring water are very close to that of soil infiltration water during short-term interaction with soil, but a decline is showed during long-term cause to the anions adsorption effect in the andisol. Chemical and microbiological investigations show the existence of a soil microbial community that allows denitrification and nitrate reduction. Infiltration processes cause anoxic conditions within the soil medium, therefore the absence of NH 4 + in spring water throughout the observation period should be due to anammox processes. These findings suggest that hydrochemistry and spring chemographs may be significantly influenced by several factors, such as relationships between soil and rainwater, vegetation, and microbial communities, which are not necessarily correlated with lithological and structural features of carbonate aquifers. carbonate aquifer; groundwater geochemistry; microbial processes; pyroclastic soil; soil chemistry Boschetti et al. downgradient of these faults has been observed (Celico et al., 2006) . The aquifer behaves as a basinin-series system, where seasonal springs occur along some fault zones (Celico et al., 2006) . Temporary springs may flow depending on relationships between low-permeability fault cores and karst conduits, that locally interrupt the low-permeability barrier (Petrella et al., 2009a) . At basin scale, the groundwater flows westwards towards the perennial spring (Fig. 1) . All springs are characterized by irregular hydrographs. The discharges go from a few to some hundreds litres per second.
The carbonate medium is laterally and vertically well connected in the subsurface and the fracture spacing is sufficiently dense to apply the continuum approach to describe groundwater flow at the metric scale (Petrella et al., 2007) . A significant vertical heterogeneity of the carbonate bedrock has been found, due to differences in fissuring and karstification with depth. The epikarst is made up of two horizons. An upper part diffusely karstified, which lies below pyroclastic soil, and a lower part subordinately karstified (Petrella et al., 2007; Celico et al., 2010 ). Darcy's law can be applied in this epikarst portion, and groundwater flow is expected to be laminar also in the upper epikarst and in the underlying fractured bedrock (Petrella et al., 2008) . The longitudinal dispersivity calculated (Petrella et al., 2008) in the upper epikarst at the metric scale (2.42 m) shows variations in the velocity field in the direction of flow typical of carbonate systems at the same experiment scale (Schulze-Makuch, 2005) . Differently, the longitudinal dispersivity in the lower epikarst (0.13 m) is typical of other consolidated rocks, such as sandstones, basalts and granites. These findings further support that, on the whole, the studied carbonate aquifer behaves mainly as a fractured medium.
The hydraulic head responds rapidly to recharge events, due to fast and diffuse rainwater infiltration. The permeability contrast at the base of the epikarst is not large enough to cause significant retention of percolation and water storage in a temporary perched aquifer during rainwater infiltration. Thus, any funneling in larger shafts significantly influences the aquifer behaviour (Petrella et al., 2007) , and the slowly through a clay-rich soil has its chemistry significantly modified with respect to rainwater. This is different from carbonate aquifers, within the Italian Apennines, where the topsoil has a different origin.
With regard to soils formed in volcanic ejecta, it is known that they contain a large accumulation of organic carbon, whose preservation results from burial of soils by repeated addition of volcanic ash, chemical interactions with non-crystalline inorganic materials and physical protection from microaggregation that these materials impart to the soil structure (Eswaran et al., 1993) . Microbial mineralization of such organic carbon produces CO 2 , therefore enhancing carbonate dissolution in the limestone bedrock after percolation through the pyroclastic cover. Within the carbonate Apennines oxidation processes of organic carbon are enhanced by application of fresh manure for agricultural purposes in karstic depressions, and by spreading of fecal matter in pasture areas. In woodland, the existence of deciduous species instead of coniferous ones further enhances CO 2 production through root respiration (Raich & Schlesinger, 1992; Risk et al., 2002) , thus promoting karstification in a wide portion of the Apennines (Celico et al., 2010) .
The main scope of this study was to analyze some physical and chemical properties of the pyroclastic soil at the Acqua dei Faggi experimental site (southern Italy), to assess its influence on groundwater geochemistry.
Physico-chemical properties of rainwater and spring water, and some microbiological features of the soil medium were also taken into consideration.
DESCRIPTION OF THE FIELD SITE
The Acqua dei Faggi experimental site at Longano in the Molise region ( Fig. 1) consists mainly of limestone, and subordinately of marly limestone and marls (Monte Calvello Formation, Cretaceous-Oligocene; Pescatore, 1963) . The aquifer boundaries are lowpermeability fault zones that compartmentalize the aquifer system. However, some tectonic discontinuities allow significant groundwater flowthrough, and interdependence of hydraulic heads upgradient and Influence of soil on groundwater geochemistry in a carbonate aquifer, southern Italy determined by ion chromatography using a DIONEX ICS-1000 model connected to a DIONEX AS40 Automated Sampler. For cation preservation samples were filtered through a 0.45 μm nylon membrane filter and acidified at pH<3 with concentrated HNO 3 solution. The accuracy of the analyses was checked by the ionic balance. As per spring water, analyses with a ionic balance of ±5% were considered acceptable. Regarding rainwater, it was used the acceptable USEPA range of ion difference (30%-60%, for sum of ions 50-100 μeq/l, and 15%-30% for sum of ions >100 μeq/l). The observed difference in cations and anions always fell within this acceptable range.
Chemical analyses on saturated paste extracts
Eleven samples of Vitric Andosol were collected (six from grassland [G-type] and five from woodland [W-type] ) to carry out chemical analyses on saturated paste extracts. Within grassland, three samples were collected in those areas where the soil cover is uniformly distributed (G u -type), and other three samples were taken in those areas where the soil cover is non-uniform (G nu -type) and confined into open cracks in the near-surface carbonate bedrock.
Saturated paste extracts provide information on the chemistry of solutes in soil solution because it more closely approximates the water content of the soil under field conditions. Air dried <2 mm soil samples were saturated with deionized water to create a saturated paste, the water was then extracted by centrifugation and filtered through a 0.45 μm nylon membrane filter for chemical analyses. Samples (100-150 g of dried, sieved soil) were placed in beakers and deionized water was added to bring them nearly to saturation. Samples were allowed to stand overnight and then they were mixed with a spatula. At saturation, the soil paste glistens as it reflects light, flows slightly when the container is tipped, and slides freely and cleanly off the spatula except for those soils with high clay content.
Analyses included electrical conductivity (EC), alkalinity, major ions and acetate. Saturated paste extracts were analysed by the same methods as those described for spring water samples. Soil pH was measured on a soil water suspension (1:2.5, wt:vol).
Column experiments
A physical analogue model was developed through two column experiments to analyse the chemical evolution of water percolating through the pyroclastic soil.
Two intact soil block of Vitric Andosol (181.36 cm 2 by 11 cm deep) were collected from the test site according to described method (Celico et al., 2004) . After collection, each soil sample was covered with plastic and transported to the laboratory where the experimental procedure was commenced immediately at room temperature. A diffuse water flow was obtained carrying out the column experiment in a standard permeameter. A peristaltic pump was used to constantly push the water through the soil. Soil block drainage was entirely collected beneath the outflowing hole in several fractions to analyze changes in ions concentration over time, during each simulated event.
aquifer is diffusely recharged by rainwater infiltration (Petrella et al., 2009b; Petrella & Celico, 2013) .
Carbonates generally lie below a soil of pyroclastic origin (Celico et al., 2004 ) that can be classified as Vitric Andosol (as defined by FAO, 1988) . The soil is characterized by (Naclerio et al., 2008) high organicmatter content (20% to 35%), fibrous structure, specific-gravity values ranging from 2.1 g/cm 3 to 2.4 g/cm 3 , uniformity coefficient ranging between 3 and 9, and a prevailing sandy loam texture (as defined by the US Department of Agriculture, 1979) . The hydraulic conductivity ranges between 6.5 · 10 -6 and 6.3 · 10 -5 m/s (Naclerio et al., 2009a (Naclerio et al., , 2009b ) allowing a diffuse and rapid rainwater percolation.
Pasture areas cover 55% of the site, while a deciduous beech woodland (Fagus sylvatica L.) covers 45%. Cattle grazing (several hundreds of heads) is observed throughout the year within grassland, and manure is spread in karstic depressions for agricultural purposes.
The Thornthwaite water budget method was used to provide an estimate of net infiltration. The results obtained indicate that all groundwater recharge during an average year occurs from October to June. The major recharge event occurs from December to April. In July, August and September, the weather is warm and evapotranspiration generally exceeds precipitation. The annual average rainfall level in the study area is 1240 mm, and the annual average net recharge is 630 mm (approximately 51% of the annual average rainfall level). These values were estimated based on precipitation and temperature data recorded over an 80-year period (1921 to 2000) . Rainwater samples for chemical analyses were collected at a rain sampler (RWS2 in Fig. 1 ) located within the aquifer system, at 1014 m asl. The sampling was carried out on a weekly basis, from October 2006 to October 2007. Ten-liter polyethylene bottles containing about 300 ml of vaseline oil to prevent evaporation processes even under very hot summer conditions were used to collect the samples. Oil contamination was carefully avoided while syringing the water samples out of the bottle. The precipitation compositions obtained by this approach reflect wet-fall and soluble dryfall (Cryer, 1986) . They are believed to more closely represent the compositions of infiltrating waters than pure wet-fall compositions (Meijer, 2002) .
METHODOLOGY

Chemical analyses of rainwater and spring water samples
The pH measurements were performed in the laboratory with a pH electrode and the specific conductance with a WTW laboratory conductimeter. Bicarbonate was determined by titration with HCl. Major ions and acetate concentrations were
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Fecal coliforms were processed using API 20E strips (BioMerieux), following the manufacturer's instructions. API 20E is a standardized identification system for Enterobacteriaceae and other nonfastidious Gram-negative rods which uses 21 miniaturized biochemical tests and a database.
Taxonomic classification of such isolates was performed by sequence analysis of one of the 16S rRNA genes amplified with two universal oligonucleotides designed by BMR Genomics (University of Padova, Italy) to amplify ~500 bp DNA fragment. Nucleotide sequencing was performed by BMR Genomics. The sequences were aligned to 16S rDNA sequences obtained from the National Center for Biotechnology Information database by the Mega BLAST search (Basic Local Alignment Search Tool).
Thermodynamic calculations
Mineral saturation indexes (SI), CO 2 partial pressure and the activity of dissolved species were calculated based on the complete physico-chemical analyses of the water samples. The software PHREEQCI, version 3.1.1, the Debye-Hückel equation and the thermo.com. v8.r6 thermodynamic database (as know as llnl.dat) were used for the calculations (Parkhurst & Appelo, 1999) , whereas the Act2 tool of The Geochemist's Workbench ® , version 7.0.6 (GWB) with the same thermo.com.v8.r6 dataset plus other solubility data on some clay minerals from the Thermoddem database (http://thermoddem.brgm.fr; Blanc et al., 2012) were used for the construction of the mosaic activity diagrams (Bethke & Yeakel, 2008) .
RESULTS AND DISCUSSION
Nitrate-reducer and denitrifying bacteria in soil
Fecal coliforms were analyzed using colonies isolated in soil samples. These colonies were characterized with API 20E system fermentation strips showing that, out of 120 isolates, 110 were identified as Escherichia coli, 5 as Citrobacter spp., 3 as Klebsiella spp. and 2 were unidentified. Chromosomal DNA was extracted from 3 strains of each Coliform group, and PCR was performed to obtain amplification of the 16S rRNA genes. Upon BLAST comparison with the DNA GenBank, the sequences of the 16S rRNA genes revealed good agreement with the identification performed with the API system. This statement is of great importance in such a study, because E. coli is a nitrate-reducer bacterium (e.g., Ghiglione et al., 1999) and then it reduces nitrate to nitrite [NO 3 -→ NO 2 -]. Conversely, other bacteria (denitrifying bacteria or denitrifiers) are capable of further reduction to free
. Denitrifying rhizobacteria belonging to the genus Pseudomonas were also detected in soil samples collected at the study site by sequence analysis. These isolates, together with those found at the same site in previous investigations (Bacillus subtilis, B. cereus, B. pumilus in Naclerio et al., 2009a , and Acidovorax and Flavobacterium in Petrella et al., 2009b ) describe a denitrifying microbial community very similar to that found in other sites (e.g., Wang & Skipper, 2004) .
During the first column test, the rainwater collected at the test site was applied on the top of the block. Two infiltration events (24 h each) were simulated in order to analyze also the effect of a period of no rainfall (120 h) between events. During each infiltration event, rainwater (3.0 l, corresponding to 165 mm of effective infiltration) was poured at a velocity of 3.5 mm/h.
During the second column test, deionized water (45.7 l) was applied on the top of the block, and poured at a velocity of 3.5 mm/h. This eleven-week long test was carried out to analyze the result of a prolonged interaction between soil medium and water. During each week, a first rainy period (48 h) was followed by a first period of no rainfall (24 h), and then by a second rainy period (24 h) and a second period of no rainfall (72 h), in order to analyze, also in this case, the effect of a discontinuous flow through the soil column. During the tenth week no rain was simulated in order to analyze the effect of a longer period of no rainfall.
Chemical analyses of recovered samples were carried out according to the method described above.
The soil blocks for the column tests are G u -type. From the chemical point of view, this soil type does not show significant differences if compared with that (W-type) collected in woodland (see results of chemical analyses on saturated paste extracts). Unfortunately, no blocks of the G nu -type were collected for the same purpose, because this soil type is confined into open cracks in the near-surface carbonate bedrock.
Microbiological investigations
Denitrification is part of the global nitrogen cycle and allows respiration in low oxygen environments by using nitrogenous compounds as terminal electron acceptors. It is a widespread trait among prokaryotes: in fact since its discovery in 1886 by Gayon and Dupetit, a broad range of denitrifying bacteria and archaea have been described (Verbaendert et al., 2011) .
The first step of the denitrification pathway is the respiratory nitrate reduction that can be performed by taxonomically diverse microorganisms including members of the α-, β-, γ-and ε-proteobacteria, high and low GC Gram + (Gram-positive) bacteria (Philippot, 2005) .
Fecal coliforms and Pseudomonas species were isolated from twenty soil samples collected from the experimental field site, as representatives of nitratereducers and denitrifying bacteria.
Soil aliquots were initially diluted 1:1 (wt:vol) in buffered peptone-water (for fecal coliforms) and in phosphate-buffered saline (for Pseudomonas species) and resuspended by vigorous vortexing until an evenly distributed suspension was obtained. Fecal coliforms isolates were then selected by plating of 0.1-ml aliquots of appropriate 10-fold serial dilutions in buffered peptone-water (up to 10 -5 ) on m-FC Agar (Biolife) for 24 h at 44°C. Pseudomonas isolates were selected by plating of 0.1-ml aliquots of appropriate 10-fold serial dilutions in phosphate-buffered saline (up to 10 -5 ) on Pseudomonas selective Agar (Biolife) for 42 h at 37°C.
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although natural acid inputs to the atmosphere may be important contributors (Lee & Wakeham, 1989 A thorough analysis of temporal variability of physico-chemical parameters in rainwater and spring water is not necessary in this study, therefore it will be reported in a dedicated paper.
Saturated paste extracts
The results of the analyses on saturated paste extracts are summarized in Table 3 . Comparing the results related to the different soil types, the following scenario can be depicted. Both G u -type and G nu -type are nearly neutral with pH values ranging from 7.0 to 7.7 (mean 7.4), and from 7.2 to 7.4 (mean 7.3), respectively. Regarding the water-soluble ions, the inorganic anion dominating the anion suite was HCO 3 -, while the dominating cation was Ca 2+ for both soil types. However, the two soil types show some differences from the chemical point of view, despite they are both related to grassland. The differences between the mean EC values, and between the mean concentrations of SO 4 2-, NO 3 -and Ca 2+ are statistically significant at 0.05 level. Moreover, Mg 2+ was not detected in all G nu samples. The higher concentrations of NO 3 -in G u soil are due to the more luxuriant vegetation and then to the higher organic matter content in such a soil type. In G u -type soil, an organic matter content ranging from 20% to 35% was found in the test site (Naclerio et al., 2008) . Moreover, the water-soluble nitrate in G u soil is extremely high compared to that of rainfall, while NO 3 -in G nu soil is slightly higher compared to that of precipitation (Tables 1 and 3 ). These findings further support that the significant alteration/transformation of soil nutrients by grassland ecosystems, within soil covers uniformly distributed in wide areas, leads to the generation of higher nitrate levels.
When comparing the grassland soils to the forest soil, no relevant differences are observed between G u -type and W-type. Conversely, the significant difference in mean concentrations of NO 3 -between G nu -type and W-type further confirms that a more luxuriant vegetation causes an increase in nitrate in the soil medium. Thus, differently from findings in other sites (Ndala et al., 2006) , forest is not the factor that governs the increase in water-soluble nitrate in the test site, but a luxuriant vegetation (both grassland and forest) uniformly distributed over a wide area.
The one-week column experiment
In Table 4 the main physico-chemical features of rainwater used to carry out the one-week column experiment are reported.
Rainwater and spring water chemistry
The main physico-chemical features of rainwater collected at the study site were ( (Charlson & Rodhe, 1982) , the pH of rainwater (volume-weighted mean 5.7) was in the moderately alkaline range in the 60% of the analysed samples, and in the moderately acidic range in the 40% of the samples. Taking into consideration the relative abundance of Ca 2+ and HCO 3 -in rainwater, the observed alkalinity is probably due to carbonate dust particles in the atmosphere that buffers the acidity of rainwater (e.g., Kulshrestha et al., 1996; Herut et al., 2000; Kulshrestha et al., 2003) . Conversely, the acid rain is due to higher concentrations of strong acids that constitute major products of atmospheric pollution of anthropogenic origin (e.g., Herut et al., 2000; de Mello, 2001; Migliavacca et al., 2005; Golobočanin et al., 2008) 
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The synchronous variation of ions concentrations during this second infiltration event compared with the less organised behaviour of the first one seems to suggest that infiltration events close to each others enhance a more uniform response of the system.
The progressive decrease in concentration of HCO 3 -and Ca 2+ is also well correlated with the progressive increase in acetate concentration (r 2 0.84 and 0.81, respectively), and happened with nitrate nearly absent early during the event, and then completely absent. Such a phenomenon suggests that the simulated rainwater percolation caused anoxic conditions, and soil spontaneously formed acetate, due to the rapid response of a subcommunity of the microbiota to anearobiosis (Küsel & Drake, 1995 Wagner et al., 1996; Küsel et al., 2002) . Conversely, the absence of nitrate did not allow the oxidation of organic acids formed under anoxic conditions to CO 2 (Küsel & Drake, 1995; Wagner et al., 1996; Küsel & Drake, 1999) . Thus, the decrease in concentration of HCO 3 -and Ca 2+ seems to be also influenced by microbiological processes within the soil medium, therefore suggesting a role of the soil-specific microbial community. This phenomenon reproduces a field process, as demonstrated, at the study site, by (a) detection of acetate in fresh infiltration water (up to 76 meq/l, Petrella et al., 2009b) , and (b) existence of acetate-assimilating bacteria belonging to Betaproteobacteria and Bacteroidetes (Petrella et al., 2009b The increase in mean concentration of HCO 3 -between infiltration events was due to an increase in
The first infiltration event When analyzing the variation of ions concentrations over time, during the first infiltration event, a great variability is observed (Fig. 3) -because its concentration rapidly decreased below the limit of detection.
The sequence of two infiltration events
During the second infiltration event, all inorganic ions show a decreasing-type chemograph, with the exclusion of Mg 2+ which shows a more articulated shape (Fig. 3) . However, Mg 2+ is characterized by a decrease in concentration during the whole infiltration process. A good correlation is found between parameters (Table 5) , excluding Mg 2+ . This overall correlation, together with the increase in ions concentrations in the infiltration water between the end of the first event and the beginning of the second one, clearly suggest that the interaction between water and soil particles over 120 h, at a water content near saturation, enhances mineral dissolution. Thus, from the beginning of the second event on, the fresh infiltration water causes a progressive dilution of such a water and the progressive decrease in ions concentrations in water samples collected at the soil bottom. Table 2 . Temperature, pH , EC (µS/cm) and concentrations (µeq/l) of the ions analyzed in spring water samples (dates are given in day/month/ year). CO 2 partial pressure and carbonates saturation indexes were calculated at the mean temperature of T = 8.1°C.
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the Acqua dei Faggi experimental site belong to genera and species that are classified as denitrifying rhizobacteria (Bacillus subtilis, B. cereus, B. pumilus, Acidovorax sp., Flavobacterium sp., Pseudomonas sp.) or nitrate-reducers (E. coli).
Taking into consideration the existence of anoxic conditions during the infiltration events, as shown by acetate formation, the decrease in mean concentrations of NH 4 + in the same water samples (18 to 8 µeq/l) should be due to anaerobic ammonium oxidation (anammox) processes that allow NH 4 + to be oxidized under anoxic conditions (Strous et al., 1999) . Anammox is performed by autotrophic bacteria that were detected in relatively few, mostly marine environments (e.g., Kuypers et al., 2003) , even though they were recently detected also in freshwater sediments (e.g., Penton et al., 2006) . However, no information exists to date on the presence of such bacteria in the studied soil. Microbiological investigations are in progress to verify the effectiveness of this hypothesis.
The relatively high concentration of NO 2 -in soil infiltration water may be the product of nitrate reduction performed by E. coli and other nitratereducers bacteria. We hypothesize that such a production is higher than biological conversion of nitrite to dinitrogen gas during anammox processes.
The eleven-week column experiment
During the eleven-week long test, all the analyzed ions describe similar breakthrough curves, even though the peak concentrations do not perfectly correspond (see examples in Fig. 4 ). This phenomenon suggests that the analyzed soil medium is a set of different sources of chemical species that interact differently with water during its percolation. The long CO 2 production in the soil column from the end of the first event and the beginning of the second one, that enhanced carbonate dissolution, as revealed by the switch of the mean logP(CO 2 ) from -2.89 to -2.84 and the obtainment of the equilibrium with calcite, respectively (Fig. 3 ). During such a period, the soil column was open to the atmosphere and soil respiration probably increased due to better aerated conditions within the column. This is in agreement with several studies that demonstrated that the optimum for soil respiration is frequently found at intermediate water contents (Orchard & Cook, 1983; Howard & Howard, 1993; Davidson et al., 2000) . Furthermore, according to Linn & Doran (1984) , microbial respiration is limited in very wet soils due to limitation of O 2 diffusion through pores (oxygen is needed for aerobic respiration), and in very dry soils due to limitation of soluble organic-C substrates in water films (soluble organic substrates are used as energy sources by heterotrophic microorganisms). Thus, the optimum water content is generally somewhere near field capacity, where the macropore spaces are mostly air-filled (facilitating O 2 diffusion), and the micropore spaces are mostly water-filled (facilitating diffusion of soluble substrates).
The decrease in mean concentration of NO 3 -from the first to the second infiltration event (130 to 31 µeq/l) may be due to denitrification and nitrate reduction. Also in this case, some of the bacteria isolated at Table 3 . pH, EC (µS/cm) and concentrations (µeq/l) of the ions analyzed in saturated paste extracts obtained from soil samples G u -1 to G u -3, G nu -1 to G nu -3 and W-1 to W-5. At the bottom, the values of pH, CO 2 partial pressure and saturation indexes of carbonates calculated at the mean temperature of the local spring waters (T = 8.1°C) are shown for comparison. Table 4 . pH, EC (µS/cm) and concentrations (µeq/l) of the ions analyzed in rainwater used for the one-week column experiment. Fig. 3 . Results of the one-week column experiment. The gray dashed line represents the composition of the rainwater used for the experiment. pH, logPCO 2 and the calcite saturation index were recalculated at the mean temperature of the springs (T = 8.1°C). Table 5 . Correlation coefficients between ionic concentrations in infiltration water collected during the second infiltration event (oneweek column experiment).
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tailing and the generalized decrease in concentration of all ions after several weeks suggest that one or more of these sources are exhaustible in the physical analogue model, which is isolated with respect to other environmental components. In particular, Ca
2+
and Mg 2+ showed similar paths, with a downwarding Mg 2+ /Ca 2+ ratio towards the mean spring water value (0.04), testifying the buffering effect of (microcrystalline) carbonate minerals also in the soil (Fig. 4) . Also Na + and Cl -paths are similar, however their ratio was inverted after 250 h because to the more rapid decrease of Cl -concentration. This effect, coupled with the disappearing of SO 4 2-after 216 h, is in agreement with the anions adsorption in Andisols demonstrated by other authors (Katou, 2004; Pigna et al., 2007) . The different breakthroughs of K + and NH 4 + with respect to those described by the other ions, suggest that K + and NH 4 + are dissolved, totally or in part, from a different source.
Other to small crystals of residual K-bearing primary silicates as muscovite, biotite and K-feldspars, should be taking into consideration that G u -type soil is characterized by luxuriant vegetation and high organic matter, therefore another probable exhaustible
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those characteristic of spring water (Fig. 5) . However, the SO 4 2-/Cl -ratio (eq. ratio) in this infiltration water (0.39 to 0.50) is very close to the ratio in spring water (0.51) and to the ratio in rainwater (0.32 in the sample used during the column test, and 0.54, in average, in rainwater collected at the study site throughout this work). Thus, the concentration of these anions in spring water seems to be governed by interaction between infiltration water and soil medium, but its ratio is the same detected in rainwater.
Mean concentrations of Na + also increased (more than two-fold greater in soil infiltration water than in rainwater), but the values in soil infiltration water (164 and 179 µeq/l during the first and the second infiltration events, respectively) are higher than that (109 µeq/l) observed in spring water (Fig. 5) .
The higher mean concentration of K + in spring water than in soil infiltration water (Fig. 5) , together with the lower mean concentration of Na + , may be due to cation exchange (Na + for K + ; e.g., Scott & Smith, 1966 ) between water and clay minerals in marls interbedded in the limestone sequence within the carbonate aquifer. This phenomenon is further emphasised by the K + /Na + ratio that increases from 0.05-0.06 in soil infiltration water to 0.13 in spring water. In this source of potassium in the analogue model are plant cells. Potassium is an essential macronutrient, which is important for various aspects of plant life and, in contrast to other metals, the concentration of K + in plant cells is very high (up to 8% of the dry weight; Evans & Sorger, 1966) . At the same time, NH 4 + should be due to ammonia dissolution in water, where ammonia is produced naturally from decomposition of organic matter. Another exhaustible source can be salts precipitated during the hotter periods of a hydrologic year, due to evaporation of rainwater in the soil. This hypothesis is supported by data shown hereafter. In any case, the Na + /K + ratio appeared to be mainly controlled by soil clay minerals at h < 250, whereas the supply of K + from additional sources drove the decline of the ratio at h > 250 (Fig. 4) .
Relationships between rainwater, soil infiltration water and spring water chemistry
When comparing the spring water chemistry to the results of the one-week column experiment, that was carried out using rainwater, a great influence of pyroclastic soil on the physico-chemical signature of spring water was observed. After percolating through the 11-cm-thick soil column, infiltration water had its chemistry significantly modified with respect to rainwater.
Mean concentrations of Cl -and SO 4 2-increased (two to three-fold greater in soil infiltration water than in rainwater) and their values were in the range of . Water chemistry evolution from rainwater to spring water (Rwm is the weighted mean concentration in rainwater; Rct is the concentration in rainwater used for the one-week column test; FIEct is the mean concentration in soil infiltration water during the first infiltration event simulated during the one-week column test; SIEct is the mean concentration in soil infiltration water during the second infiltration event simulated during the one-week column test; Sm is the mean concentration in spring water).
Influence of soil on groundwater geochemistry in a carbonate aquifer, southern Italy study site (-15.77‰ VPDB; Petrella et al., 2009b ) is very different from the composition of spring water (-11.51‰ VPDB; Petrella et al., 2009b) . The calcium excess in soil waters showed in Fig. 7 ] global ratios was buffered by calcite-dolomite equilibrium calculated for the mean logPCO 2 = -2.55 of the springs (Fig. 8) .
Finally, mean NO 3 -concentrations are lower in spring water (13 µeq/l) than in soil infiltration water (130 µeq/l and 31 µeq/l during the first and the second infiltration events, respectively), and NH 4 + is not detectable only in spring water. Conversely, NO 2 -has the highest concentration in spring water (Fig. 5) . These findings further support that denitrification, nitrate reduction and anammox processes are allowed by a microbial community within the aquifer system, according to previous suggestions. study, was not possible to calculate the saturation indexes between waters and silicates due to the lacks of dissolved silica and aluminium concentrations. However, it's well known that waters are promptly saturated in a Al 2 Si 2 O 5 (OH) 4 phase, e.g., kaolinite, at very low silica concentration, in particular where primary silicates are present in the cover strata as in this case (e.g., Boschetti & Toscani, 2008 in spring water are due to a significant carbonate dissolution occurred mainly in the carbonate aquifer.
In fact, when all water samples are plotted in comparison with the Ca 2+ /HCO 3 -equivalent ratios of 1.0 and 0.5 obtainable from the dissolution reactions of calcite and dolomite respectively, the spring waters are clustered near to the calcite dissolution line (Fig. 7) , testifying that calcite predominated in the aquifer. The mean Mg 2+ /Ca 2+ activity ratio of the spring waters calculated by software speciation is 0.0405, which correspond to a very low-Mg calcite having Mg 2+ /Ca 2+ = 0.000587 applying the partition coefficient for Mg at T = 8.1°C (Huang & Fairchild, 2001 ). This probably corresponds to the composition of a secondary, poorly cristalline calcite in the local soil, in accord with the results obtained in other area (Sobecki & Karathanasis, 1987) .
Differently, water from soils and column tests are more scattered, with an higher Ca 2+ concentration for the former (particularly for Gu-type soil samples) and a path converging toward the spring water's best fit for the latter (Fig. 7) . As expected for a ground water circulating in a carbonate aquifer, thermodynamic calculations testified that the equilibrium was reached between spring waters, pure calcite (SI calcite = 0.16 ± 0.20) and an ordered dolomite (SI dolomite-ord. = 0.009 ± 0.504). Soil waters showed increasing calcite saturation indexes from undersaturation (W-type SI calcite = -1.69 ± 1.28; Gnu-type SI calcite = -0.89 ± 1.28) to a slight oversaturation (Gu-type SI calcite = 0.22 ± 0.98); lower and more scattered values were obtained for dolomite (W-type SI dolomite-ord. = -3.42 ± 2.25; Gnu-type SI dolomite-ord. = -4.20 ± 0.84; Gu-type SI dolomite-ord. = -0.04 ± 1.79). This statement is further supported by results of isotopic analyses. In fact, the δ 13 C DIC composition of infiltration water collected at the soil bottom in the Fig. 6 . Mosaic activity plot for the K 2 O-Na 2 O-SiO 2 -Al 2 O 3 -CO 2 -H 2 O system at T = 8.1°C, P = 1.013 bar. Dissolved silica and aluminium activity were buffered imposing log[SiO 2 ] = -4.1 (corresponding to a concentration of about 5 mg/l) and kaolinite equilibrium, respectively; logPCO 2 = -2.55 was also imposed according to the mean value obtained for the spring waters. Primary silicates as K-feldspar, muscovite and albite-low are shown in (A), whereas clay minerals in (B). Nontronites appeared when iron concentration was buffered with hematite or goethite. Solubility data were from thermo. com.v8.r6 (continuous line) and Thermoddem (dotted line and italic) thermodynamic datasets. FIEct and SIEct represent the first and second infiltration column test, respectively. Thus, the interaction between infiltration water and soil is a new factor to consider when analysing springs chemographs in carbonate environments within the Italian Apennine range. From the theoretically point of view, the influence of this phenomenon could be significant in those carbonate aquifers where rapid flow and low mixing occur, due to percolation and flow mostly concentrated in conduits. Conversely, this great variation of hydrochemistry in soil infiltration water should not significantly influence springs chemographs in carbonate aquifers similar to the tested one, because (a) the carbonate medium is essentially fractured and subordinately karstified, (b) no retention of percolation and water storage in temporary perched aquifers are observed, (c) no funnelling is observed in vertical shafts at the epikarst bottom, and (d) a significant mixing is expected in the fracture network (Celico et al., 2006; Petrella et al., 2007; Petrella et al., 2008) . This topic will be thoroughly developed in a dedicated work, merging hydrochemical data with hydrogeological and isotopic data. With regard to minor anions Cl -and SO 4 2-, the concentration in spring water is very close to that of infiltration water during short-term interaction with soil, but a decline is showed in the long-term. With regard to minor cations, Mg 2+ concentrations in spring water are mostly (about the 80%) due to interaction between underground water and carbonate rocks. Thus, it seems a good indicator of dynamics within the carbonate bedrock. In compartmentalized carbonate systems, such as the Acqua dei Faggi experimental site, the Mg 2+ /Ca 2+ ratio could be tentatively used as indicator of interactions between compartments that are characterised by different percentage of dolostone within the carbonate sequence. The simultaneous equilibrium between spring water and carbonates (calcite and dolomite) may have produced the precipitation of poorly crystalline, very low-Mg calcites in the soil, with which percolating water may have reached equilibrium in turn. Differently, the concentrations of minor cations Na + and K + are greatly influenced by primary silicates (and probably plant cells for K + ) particularly in the long period, whereas a buffering of their elemental ratios by clay minerals predominated in the short period.
Despite the soil is very rich in NO 3 -in wide areas, due to luxuriant vegetation, the concentrations of such anion in spring water are as low as those observed in the local rainwater. The results of this study suggest that this phenomenon is due to the existence of a soil microbial community that allows denitrification and nitrate reduction. Moreover, taking into consideration that infiltration processes cause anoxic conditions within the soil medium (demonstrated by production of acetate), the absence of NH 4 + in spring water throughout the observation period should be due to anammox processes. A specific microbiological study is in progress to verify the effectiveness of such an hypothesis. Nitrate reduction could also explain the higher concentrations of NO 2 -in spring water than in soil infiltration water (about the 200%), despite the biological conversion of nitrite to dinitrogen gas during anammox processes.
CONCLUSIONS
The studied soil has a great influence in modifying rainwater chemistry during percolation and then it is a factor of utmost importance when analysing the hydrochemistry of ground-and spring water at the experimental field site. This soil behaves as a set of different sources of chemical species. The most significant sources detected within this study are: (a) salts precipitated during the hotter periods of a hydrologic year, due to evaporation of rainwater in the soil, and (b) organic matter (including plant cells) which has a great influence on K + . On the whole, about the 50% of the major ions HCO 3 -and Ca 2+ in spring water is due to interaction between percolation water and soil medium, and another 50% is due to carbonate dissolution within the carbonate bedrock. However, several biogeochemical processes cause the concentration of such ions in soil infiltration water to significantly change over time, within a single rainwater event and between events. Influence of soil on groundwater geochemistry in a carbonate aquifer, southern Italy Fig. 8 . Mosaic activity plot for the MgO-CaO-SiO 2 -Al 2 O 3 -CO 2 -H 2 O system at T = 8.1°C, P = 1.013 bar. Dissolved silica and aluminium activity were buffered imposing log[SiO 2 ] = -4.1 (corresponding to a concentration of about 5 mg/l) and kaolinite equilibrium, respectively. Dashed stability limits representing equilibrium between carbon-bearing phases (carbonate minerals and dissolved CO 2 ; in italic) were obtained imposing logPCO 2 = -2.55 according to the mean value obtained for the spring waters. A closer look to soil infiltration waters during FIEct and SIEct, the first and second infiltration event respectively, is also shown.
In a broader context, these findings suggest that hydrochemistry and spring chemographs may be significantly influenced by several factors, such as relationships between soil and rainwater, vegetation, and microbial communities, which are not necessarily correlated with lithological and structural features of carbonate aquifers.
